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Introduction
Bovine chymosin is an aspartic protease enzyme found in the stomachs of calves. Its native function is to selectively cleave κ-casein proteins in milk to initiate coagulation of casein micelles thereby aiding digestion.
1-3
This function is exploited in industry to induce milk-clotting in the manufacturing of processed dairy products. Over 20.5 million metric tonnes of cheese are currently produced each year using bovine chy-1 mosin. The recent discovery that camel chymosin is an effective clotting agent for bovine milk has led to renewed interest from industry in understanding the catalytic behaviour of both bovine and camel chymosin. The camel variant displays 70% higher clotting activity than bovine chymosin for bovine milk, while only having 20% of the unspecific proteolytic activity. By contrast, bovine chymosin is a poor coagulant for camel milk.
5
Although both camel and bovine chymosin are now marketed for use in the food industry, several aspects of their biological function are not well understood at a molecular level. Furthermore, the reasons for the disparity in catalytic propensity between bovine and camel chymosin have not been fully explained. Here we focus on elucidating the mechanism that allows allosteric activation of bovine chymosin by the P8-P4 residues of the substrate κ-casein, as proposed by Visser et al. 6, 7 and widely reported in the literature. 8, 9 Chymosin is a globular monomeric aspartic protease made up of 323 amino acids as depicted in fig. 1 . It folds into a psuedosymmetric bi-lobal structure creating a binding cleft containing the catalytic residues Asp34 and Asp216. The enzyme exhibits 9% sequence identity between the N-and C-termini. 10 The two catalytic aspartic acid residues are stabilised by a network of hydrogen bonds which incorporates two threonine residues, referred to as "the fireman's grip".
11
Chymosin contains three disulphide bridges (Cys45-Cys50, Cys206-Cys210 and Cys249-Cys282) and five ion pairs (Arg59-Asp57, Arg157-Glu308, Arg157-Ile326, Arg307-Asp11 and Arg315-Asp138).
10,12
The structure contains a single cis-proline residue, Pro23, found in the N-terminus.
13
These features are also found in other aspartic proteases showing strong homology within the protein family.
9,14-16
The substrate of chymosin, κ-casein, is a 169 residue peptide found on the surface of milk serum aggregates called casein micelles. 17 Chymosin selectively cleaves the Phe105-Met106 bond in κ-casein, which destabilises the casein micelles leading to the release of insoluble casein proteins causing milk clotting. 8, 18 Crystal structures reveal that the side chain of Tyr77 in a β-hairpin flap region above the binding cleft in bovine chymosin can occupy two different positions.
19
The side chain can be extended over the binding pocket occupying the position where κ-casein binds (referred to as the self-inhibited conformation) or it can be extended back into the β-hairpin flap (referred to as the open conformation).
20,21
The self-inhibited to open transition is associated with a rearrangement of the β-hairpin flap, which becomes more puckered in the open conformation. It has been widely reported that apo-chymosin exists in the self-inhibited form and that this is converted into its active open form by allosteric activation by the P8-P4 fragment of κ-casein, His98-Pro99-His100-Pro101-His102, the so called "His-Pro" cluster.
16
Evidence for this allosteric activation mechanism came originally from the experiments of Visser et al. 7 and Gustchina et al., 16 who measured the catalytic rates for proteolysis of different fragments of κ-casein. They observed a ∼200 fold reduction in catalytic rate for proteolysis of P2-P2' or P3-P3' fragments of κ-casein as compared to the native substrate. However, the reduction in catalytic rate was not observed when chymosin had been preincubated with the P8-P4 residues of κ-casein. Taken together with crystallographic data, 21 which show that apo-chymosin occupies a selfinhibited conformation, the experiments carried out by Visser et al. suggest that the P8-P4 residues act as an allosteric activator. Further mutagenesis studies have demonstrated that all five of the residues in the His-Pro cluster are important for catalysis.
6,7
The HPHPH cluster is conserved in many other mammalian κ-casein peptides including buffalo and goat, but in camel κ-casein the three histidine residues are mutated to arginines.
1,5
Although the allosteric activation process has been widely discussed in the literature, 1, 7, 16, [19] [20] [21] the mechanism has not been elucidated at a molecular level due to the challenges associated with studying it by experimental methods. This has hindered the development of novel enzymes and enzymatic processes for the food industry.
1
Here we employ two computational techniques, molecular dynamics (MD) and bias exchange metadynamics (BEMD) simulations, to reveal the allosteric activation mechanism and its associated free energy surface. BEMD is an enhanced sampling technique that allows the efficient exploration of complex free energy landscapes. It is well suited to studying conformational/configurational transformations in biomacromolecules and has previously been used to study protein folding, 22, 23 protein-ligand recognition 23 and allosteric transitions.
24,25

Methods
Molecular Dynamics Simulations
Unrestrained MD simulations were performed for the six chemical systems described in table 1, which include the open and self-inhibited conformations of apo-chymosin and four replicas of the self-inhibited chymosin -P8-P4-κ-casein complex. The four replicas differed only in whether or not capping groups were applied to the κ-casein fragment and whether the side chain of His102 in κ-casein was modelled as protonated or neutral (with a proton on the N-δ atom of the imidazole ring). Each system was simulated four times: two simulations using the AMBER ff03 26 force field and two simulations using the AMBER ff99SB-ILDN 27 force field (6 systems × 2 force fields × 2 duplicates = 24 simulations in total). Duplicate simulations were started from the same coordinates but with atoms being assigned different initial velocities in different simulations. 
Input coordinates
Initial coordinates for the MD simulations were taken from our previous work.
20,28-30
Only a brief summary of the steps used to prepare the input coordinates will be provided, since the details have previously been reported.
In summary, the coordinates of chymosin were taken from the 3CMS crystal structure (Tyr77 is resolved in both open and self-inhibited forms). Chymosin coordinates were modified to: insert missing residues (Asn291-His292-Ser293); reverse the Val111Phe mutation; introduce disulphide bonds between Cys47-Cys52, Cys207-211 and Cys250-Cys283; assign amino acid protonation states appropriately for pH 6.5; include 16 conserved water molecules identified by Prasad et al. 31 Since there are no crystal structures of chymosin-κ-casein complexes, the coordinates of the chymosin sensitive regions of κ-casein (residues P9-P7') in the complex were generated by a two step process.
20
Firstly, the P2-P2' residues were docked into the 3CMS structure of apo chymosin and relaxed by MD simulations. The binding pose has been shown to be in the correct geometry to allow proteolysis of the P1-P1' (Phe105-Met106) amide bond in κ-casein via the established reaction mechanisms.
20,32-36
Secondly, the remaining residues were grown in the binding cleft using conformational search algorithms and MD simulations. The resulting binding pose has previously been shown to be in good agreement with a crystal structure of a chymosin-inhibitor bound complex 18, 20 and with previous computational studies of the same system.
8
Free energy calculations using this bound pose also agree with the results of experimental mutagenesis studies. 20, 28, 30 In these previous models of the chymosin -P9-P7' κ-casein complex, the sidechains of HisP8 and HisP4 in κ-casein were modelled as positively charged, while HisP4 was modeled as the neutral N-δ tautomer (since close contacts with the sidechain of Lys221 disfavor the protonated form).
20
These protonation states were assigned based on predictions from PROPKA2.0 and comparisons of binding energies computed using PoissonBoltzmann solvent models.
20,37
In the simulations reported here, we tested the positively charged form of HisP4 as well as the N-δ tautomer because HisP4 is more solvent exposed in the complex of chymosin -P8-P4 κ-casein. However, as demonstrated later, the HisP4 protonation state was not deemed to affect the conclusions. The chymosin -P8-P4-κ-casein complex that was simulated here was obtained by deleting the P9 and P3-P7' residues and adding hydrogens or capping groups to complete the valency, as necessary. The self-inhibited complexes were obtained by copying the P8-P4-κ-casein residues from the open complex into self-inhibited, apo chymosin (after alignment on the chymosin coordinates), followed by relaxation of the coordinates of the complex by constrained minimisation and MD simulations, as described below.
System Preparation
Molecular dynamics simulations were performed in NAMD.
38
Each protein or proteinligand complex was solvated by TIP3P 39 water molecules using the XLEAP module in AmberTools14.0.
40
Approximately 15000 water molecules were placed around the protein in a (rectangular cuboid) periodic box. All systems were neutralised then given an ionic strength of 0.07 mol dm -1 using chloride and sodium ions as required.
Simulations
The solvated complexes were relaxed by conjugate gradient energy minimisation in four steps of 5000 iterations. In steps 1 to 3, the whole protein, the protein backbone, and the α-carbon atoms, respectively, were held fixed. All constraints were removed in the fourth step. The systems were gradually heated to 300 K in the NVT ensemble over 10 ps with the α-carbons held fixed, followed by a 4 ns equilibration at 300 K with no constraints.
Equilibration and production simulations were performed in the isothermal-isobaric (NPT) ensemble 41 at 300 K and 1 atm. The pressure was regulated by the Nosé-Hoover Langevin piston pressure control 42 with the piston set up to a target of 1.01325 bar, a period of 200 fs, a decay of 100 fs and a temperature of 300 K.
43
The temperature of the system was maintained by means of Langevin dynamics with the dampening coefficient set to 2 ps
, but not affecting hydrogens. Periodic boundary conditions were applied to the systems and electrostatic interactions were calculated by the particle mesh Ewald (PME) method.
44-46
A cut-off distance of 10 Å was set for van der Waals' interactions using a switching distance of 9 Å. The pair list was updated every 20 ns for atom pairs within 11 Å. The distances of all bonds between hydrogen atoms and hetero-atoms were constrained by the SHAKE algorithm.
47,48
The velocity verlet algorithm was used to update the equations of motions every 2 fs, and snapshots were taken every 2 ps. For each system, a 2 ns equilibration was performed, followed by 80-100 ns of production dynamics.
Analysis
The open and self-inhibited forms of chymosin are distinguished by the N-C α -C β -C γ (χ 77 ) dihedral angle in Tyr77 ( fig. 2) , which is approximately 300
• in the open form and approximately 175
• in the self-inhibited form (the dihedral angle is expressed on a scale from 0 To provide further insight into the observed allosteric activation mechanisms, the dihedral angle in residue Phe114 (C-C α -C β -C γ ), important residue-residue close-contacts, and hydrogen bonding networks stabilising Tyr77 were also measured as a function of simulation time. All measurements were automated using customised Tcl scripts in VMD.
BEMD -Bias-Exchange Metadynamics Simulations
Well-tempered Bias-Exchange Metadynamics simulations 23 of apo-chymosin (A1, B1 in table 1) and chymosin in complex with P8-P4 κ-casein residues (C1 in table 1) were performed in GROMACS-5.0.4 using the PLUMED-2.1 plug-in.
49
The Free-Energy Surfaces (FES) were reconstructed using two collective variables (CV):
2. The number of contacts between the side chains of Tyr77 and Phe114, measured using the PLUMED implemented CV coordination number (CN) :
In the case of apo-chymosin the BEMD simulations were performed using 4 replicas (one for each combination of the two structures A1 and B1 and the two CVs) while in the case of the chymosin -P8-P4 κ-casein complexes two replicas were used (one for each of the two CVs). In order to ensure the sampling of the free energy surface in the presence of the P8-P4 residues of κ-casein we included two piecewise linear/harmonic distance restraints: one between the terminal cap of P8 and N δ of Asn241 and one between the terminal cap of P4 and O γ of Ser220. The BEMD simulations were subsequently analysed using the VMD plug-in "METAGUI".
50
In order to characterize the correlation between the Tyr77 dihedral angle and the conformation of the protein we used the mutual information entropy 51 value of χ 77 dihedral and the protein secondary structure calculated as :
where ss i is the DSSP secondary structure 52 and the probability densities were estimated from the metadynamics simulation using 144 and 8 bins for χ 77 and ss i respectively. This statistical measure is a generalization of the linear correlation coefficient and gives an estimate of the extra-information gained using
where p(x i ) is the probability of event x i . Information entropy is a measure of the information content in the variable x, and of the number of "bits" needed to efficiently encode a time series of that random variable. Mutual Information µ(a, b) can be interpreted as a measure of the reduced number of bits needed to encode the information content in the joint distribution (a, b) with respect to the total amount needed to encode two single distributions for a and b separately.
Since it can be shown that H(a, b) ≤ H(a) + H(b) with the equality standing only in the case of a and b being independent, MI can be used as a generalized measure of correlation between a and b being not restricted to pure linear relationship between the two variables. The usual unit of measure for mutual info is the "bit".
Results and discussion
Molecular Dynamics
Apo-Chymosin
In none of the eight unrestrained MD simulations of apo-chymosin (>800 ns simulation time) was a transition between the open and self-inhibited forms of the enzyme observed. Analysis of the Tyr77 dihedral angle reveals a clear distinction between simulations started from either the open or self-inhibited forms ( fig. 3) .
Since the transition between open and selfinhibited forms was not observed in these simulations, it suggests that there is a high-barrier for rotation around the Tyr77 dihedral angle (and the associated rearrangement of the β-hairpin flap) in the absence of the P8-P4 κ-casein pentapeptide, which agrees with the proposed allosteric activation method (further sampling of the dihedral angle is carried out using BEMD in the next section). Tyr77 in its open conformation is found to be stabilised by a single water molecule. This stabilising water forms hydrogen bonds with Tyr77 and residues Ser37 and Asp39 of chymosin, as depicted in fig. 4 . The water molecule has previously been shown to be conserved in crystal structures of aspartic proteases.
31
Figure 4: Open Tyr77 stabilisation
A different stabilising network is observed in the simulations in which the enzyme is in the self-inhibiting conformation. A single water molecule forms hydrogen bonds with Tyr77, Ser14 and Gly218, both of which reside in the binding pocket (fig. 5) . The same hydrogen bonding pattern is also observed for short recurring periods in the three simulations in which a change in Tyr77 conformation takes place. In these simulations, the water molecule was regularly displaced in short succession prior to the conformational change occurring, which suggests that the κ-casein fragment affects this hydrogen bonding pattern.
Figure 5: Self-inhibited Tyr77 stabilisation
Chymosin -P8-P4 κ-Casein
The allosteric transition from self-inhibited to open conformation in the presence of κ-casein fragment is expected to occur on a sufficiently long timescale to make it difficult to completely sample using regular MD simulations on current computational hardware (this sampling problem is addressed later by the use of biasexchange metadynamics simulations). Nevertheless, the allosteric transition was observed in three of the regular MD simulations that included the κ-casein fragment (The C1 simulation using the AMBER ff99SB-ILDN force field and simulations C2 and C3 using the AMBER ff03 force field).
In the C1 simulation the dihedral angle of Tyr77 changes from self-inhibited to open at 70 ns in the 90 ns trajectory, shown in fig. 6 . At 50 ns there is a deviation which lasts for 6 ns but this is not sustained and the dihedral angle of Tyr77 returns to self-inhibited until the change in form at 70 ns. The first conformational change at 50 ns is not sustained because The change in form in the C2 simulation occurs at 40 ns where Tyr77 moves from a selfinhibiting position to its open conformation ( fig. 7 ). This change is sustained for the remainder of the 100 ns trajectory. After the conformational change, Tyr77 is observed to make the same interactions that it does in the simulation of apo-chymosin in its open form (A1), including the hydrogen-bonding network between Tyr77, water, Asp39 and Ser37 that is depicted in fig. 4 .
The conformational change occurs early on in the 80 ns simulation of system C3 (see supporting information). At Analysis of the MD simulations provides an initial indication of the mechanism by which the κ-casein fragment induces allosteric activation. The κ-casein fragment interacts with the α-helical region of chymosin causing a sequence of changes, all of which must occur to give allosteric activation. The key changes include: (i) disruption of the hydrogen-bonding network beween Tyr77, water, Ser14 and Gly218 that would otherwise help to stabilise Tyr77 in the self-inhibited form; (ii) interaction of the P8-P4 residues of κ-casein with the short α-helix in residues 112-116 of chymosin, which causes movement of the side chain of Phe114 such that it vacates the pocket that is occupied by the side chain of Tyr77 in the open conformation, (iii) rearrangement of the β-hairpin flap to allow rotation of the Tyr77 dihedral from its selfinhibited to open conformation. The steps in this pathway were not observed in their entirety in any of the simulations that did not show allosteric activation.
BEMD -Bias-Exchange Metadynamics Simulations
Free Energy Surface
To further investigate the influence of the P8-P4 κ-casein residues on the Tyr77 conformation, two bias-exchange metadynamics simulations were performed, one for the apo-enzyme and one for the chymosin -P8-P4 κ-casein fragment complex. The Free-Energy Surface (FES) as a function of χ 77 and CN is reported in fig. 8 • ± 5 (equal to the open state), and a high coordination number between Tyr77 and Phe114 (similarly to the self-inhibited state). These findings provide further evidence that the small helix spanning from residue 112 to residue 116 of chymosin plays an important role in the interconversion from the self-inhibited to the open state of the enzyme. A close-up of the structural change at the interface between the flap region and the small 112-116 helix in the three minimal states found in the apo-chymosin BEMD simulation is visible in fig. 8-B1 where a coordinate shift of the flap and the 2-turn helix is observed. In the first phase, the side chain of Tyr77 passes from the self-inhibited conformation (red) to the intermediate state (yellow) maintaining contact with Phe114, while the α-helix changes its conformation in concurrence with the β-flap region. The intermediate state observed here is considered unstable and is quickly transformed into the open conformation (green) in the trajectory. In the second phase the number of contacts between Phe114 and Tyr77 is reduced and the small helix returns to a conformation close to the original. This is confirmed through residue contacts analysis carried out in simulations A1 and B1 systems used in regular MD, see supporting information. The findings are also in agreement with the regular MD simulations of holo chymosin, where a simultaneous movement of Tyr77 and Phe114 is observed as Tyr77 moves from its self-inhibited to its open pose. When the protein is in complex with the κ-casein fragment a dramatic change in the FES is observed (cf. fig. 8-A2 and table 3) . The minimum corresponding to the open state is shifted to a Tyr77 dihedral angle of 235
• ±5 and a low coordination number with Phe114 while the minimum corresponding to the closed state is characterized by a shifted Tyr77 dihedral angle of 105
• ± 5 and a high coordination number. The systematic shift in the dihedral angles is possible because of a pronounced twisting of the β-hairpin flap in the BEMD simulations, which allows the side chain of Tyr77 to occupy the normal pockets in the open and self-inhibited conformations despite the change in angles. We believe that the twisting of the β-hairpin flap is more pronounced in the BEMD simulations than the regular MD simulations because the former allows a more thorough sampling of the conformational change. Nonetheless, the difference in the Tyr77 dihedral angles remains ∼ 130 +/-5 degrees in the BEMD simulations (similar to that observed in the MD simulations and the 3CMS crystal structure). The importance of the β-hairpin flap in aspartic proteases has previously been highlighted in studies of mammalian (chymosin, BACE) and viral (HIV-protease) enzymes.
53,54
Interestingly, in the BEMD simulation of the complex, an intermediate state is found, but with a dihedral angle similar to the closed state (105
• ± 5) and a low coordination number giving a different picture to what is observed in the apoenzyme FES. Since free energy estimates are less accurate for higher-energy regions of phasespace (which are less well sampled during simulations), some caution must be exercised in estimating barrier heights from the data in fig. 8-A1  and fig. 8-A2 From observations of the minimal structure states found for chymosin -P8-P4 κ-casein complex ( fig. 8-B2 ), it appears that in the intermediate state (cyan) the side chain of Tyr77 is pointing away from Phe114 and the active site of chymosin. This intermediate state is nominally an active conformation because the side chain of Tyr77 does not occlude the binding site. The conformation is observed only fleetingly in the regular MD simulations, however. The coordinated motions of the small helix and the β-flap regions found in the apo-enzyme transition are less obvious in the holo-enzyme transition; the small helix where Phe114 resides, conserves its structure in all three states, which is in good agreement with what is observed in the regular MD simulations.
Mutual Information
The regions in the enzyme having a high mutual information (MI) value (cf. fig. 9-A and  fig. 9 -C) are those in proximity to Tyr77, roughly from residue 70 to 80 (β-flap region), residues 110 to 120 (where the small helix and Phe114 are found) plus some individual residues (148,162 and 163), a small loop (residues 240-246) and a β-hairpin (residues 276-283) constituting the binding site of P8-P4 κ-casein fragment on the chymosin C-terminal domain.
A general reduction of the mutual information between Tyr77 rotation and the enzyme domain change is observed in the chymosin -P8-P4 κ-casein complex (cf. fig. 9-B and fig. 9-D) . The binding of the His-Pro cluster between the Nterminal β-hairpin and the C-terminal domain disrupts the communication network observed in the apo enzyme by modifying the conformation of the small α-helix, which, by a cascade 
Conclusions
The conformational change occurring in the allosteric activation of bovine chymosin has been observed by both regular MD and BEMD sim-ulations. In agreement with previous proposals based on kinetic, mutagenesis and crystallographic experiments, 6, 7, 16, 19, 21 the simulations show that the HPHPH sequence from the P8-P4 residues of bovine κ-casein initiates a conformational change in the side chain of Tyr77 and the β-hairpin region of bovine chymosin. The allosteric activation mechanism occurs via the following steps: (i) the P8-P4 κ-casein fragment binds with chymosin and disrupts the hydrogen bonding network that stabilises the selfinhibiting pose of Tyr77 fig. 5 ; (ii) the P8-P4 κ-casein peptide interacts with the short α-helix in residues 112-116 of chymosin, which both allows the β-hairpin flap in residues 72 to 84 of chymosin to twist, and also causes the side chain of Phe114 to vacate the pocket that is occupied by Tyr77 in the open conformation; (iii) as Phe114 moves, Tyr77 simultaneously changes conformation from self-inhibiting to open and is stabilised by a hydrogen bonding network below the β-hairpin flap fig. 4 . Subtle variations in the simulation trajectories suggest that allosteric activation is possible by multiple related pathways, but these all go through the general steps described above, which were observed in their entirety in all of the relevant MD and BEMD simulations.
